The spatiotemporal distribution of fluorescent surfactants on the merging interfaces during the coalescence of an aqueous drop with an organic/aqueous flat interface was studied experimentally with high-speed laser induced fluorescence. The aqueous phase was a 46% glycerol solution, while the organic phase was a 5 cSt silicone oil. A fluorescently tagged surfactant was used at a concentration of 0.001 mol/m 3 in the aqueous phase. To vary the concentration of surfactants on the interfaces, the drop and the flat interface were left to stand for different times before the coalescence experiments (different interface ages). It was found that when a drop rested on the interface, the surfactants adsorbed on the interfaces were swept outwards by the draining liquid film between the drop and the flat interface and reached a peak value at 0.75R h away from the centre of the film, where R h is the horizontal drop radius. After the film rupture, the concentration of the surfactants at the tip of the meniscus increased. Once the film had retracted, the concentration of the surfactants peaked at the meniscus at the bottom of the drop. As the liquid in the drop started to merge with its homophase, the drop formed a cylinder from the upward capillary waves on the drop surface. The surfactant concentration was found to be low at the top of the liquid cylinder as the interface was stretched by the convergence of the capillary waves. Subsequently, the cylinder began to shrink and the top part of the drop acquired a high surfactant concentration.
I. INTRODUCTION
The phenomenon of drop coalescence is often encountered in emulsions and dispersions in many industrial fields, including oil production and processing, 1-3 milk production, 4 drug encapsulation, 5, 6 and liquid jet atomization. 7, 8 The rate of drop coalescence plays a key role in controlling the stability of emulsions. Generally, surfactants either naturally exist or are artificially introduced to these liquid systems to change the stability by modifying the coalescence rate. Previous studies have shown that surfactants affect the whole coalescence process from the drop rest at the early stages to the subsequent merging process of either drops or drops with interfaces. The drop rest time refers to the time required for the thinning of the trapped film between the drop and the bulk liquid homophase from its initial thickness to the final critical thickness where rupture occurs. In drop coalescence with a liquidliquid interface, many scientists experimentally observed that the rest times increased considerably when surfactants were present. [9] [10] [11] [12] The drop rest times can vary significantly even under the same experimental conditions, and this behaviour is more pronounced in the presence of surfactants. Hodgson and Woods 13 suggested that the surfactants altered the draining behaviour of the thin film. In their experiments, the thinning of the film was found to be relatively symmetrical in the absence of surfactants, while a dimpled film, with a thicker part at the centre and a thinner barrier ring at the circumference, commonly occurred when surfactants were present. Many researchers suggested that the dimple was created by Marangoni backflow in the trapped film. [14] [15] [16] [17] [18] When the liquid in the film is squeezed outwards, the surfactants on the interface are swept to the border and finally accumulate at the barrier ring, resulting in a higher surfactant concentration in that region. The non-uniform distribution of surfactants leads to the variation of surface tension along the interface. Marangoni stresses develop which oppose the outward liquid flow and create a backflow in the film that thickens its central part. Considering Marangoni forces, the drainage of the thin film in drop-drop binary coalescence with surfactants was numerically analyzed, 19, 20 and the results were in good agreement with previous experiments. 21 By contrast, other studies supported that the Marangoni backflow was not strong enough to suppress the outward flow in the film 22, 23 and the only role of the Marangoni stresses was to suppress the inner circulation in the drops and make the interface rigid. Giribabu and Ghosh 23 further derived a stochastic model to estimate the drop rest times based on the uneven distribution of surfactants along the interface, and the results were consistent with previous experimental data. Even though there is disagreement on how surfactants affect the film drainage, the uneven distribution of the surfactants on the interface is generally accepted by most researchers.
Rupture occurs when the attractive van der Waals forces are large enough to overcome the repulsive forces at a critical thickness of the film. Afterwards, the neck connecting the drop with the bulk liquid or the other drop starts to expand driven by the capillary forces at the highly curved meniscus. A full understanding of the neck expansion process is of great importance to applications where coalescence affects the drop size, such as drug capsulation, 24 nanoparticle synthesis, 25 and intensified liquid extractions. 26 Based on whether the inertial or the viscous force mainly resists the capillary force, two regimes are generally identified. At the beginning when the meniscus size is small, the increase in the neck radius against rupture time follows a linear relationship. The viscous force dominates the process, defining the viscous regime, which is characterized by the time scale t viscous = Rµ/σ. Here, R is the drop radius, µ is the viscosity of the drop liquid, and σ denotes the interfacial tension. When the neck is sufficiently large, the inertial force mainly controls expansion (inertial regime) which is characterized by the time scale t inertial = (ρR 3 /σ) 1/2 , where ρ is the density of the drop liquid. 27-31 Chinaud, Voulgaropoulos, and Angeli 31 investigated the neck growth in drop/interface coalescence under various surfactant concentrations. The results showed that the neck radius increased linearly in the viscous regime for both the pure and the surfactant systems. The authors showed that the curves in all systems collapsed to a single line when the local surfactant concentration at the meniscus was taken as twice the surfactant concentration in the bulk. Martin and Blanchette 32 from numerical simulations showed that the surfactant concentration at the neck could be four times higher than that in the rest of the film, which has not yet been confirmed by any experimental results. The coalescence of a surfactant-laden drop with a surfactant-free drop was also studied recently. [33] [34] [35] The neck on the side of the surfactantfree drop was found to expand faster than on the other side, which confirmed the results by Blanchette, Messio, and Bush 36 that the interface with high surface tension tends to pull the low surface tension area to create a tangential flow along the interface.
Apart from their effect on drop rest and neck growth, surfactants also have a significant impact on the subsequent merging of the liquids. Weheliye, Dong, and Angeli 37 found that the drop shape changed significantly when surfactants were present during coalescence. They found that for a drop coalescing with a flat interface in a surfactant-free system, the drop summit could reach a minimum height far below the initial interface position and rebound in a short time. When surfactants were present, the drop summit approached the final flat interface slowly. In addition, the vortices generated at the onset of the meniscus rupture were inhibited by surfactants as well. Surfactants also affect the appearance of partial coalescence. The partial coalescence region in an Oh-Bo based map is largely reduced when surfactants are present, and the size of the daughter drops in the inertial-capillary regime is also reduced. 38, 39 Martin and Blanchette 32 showed from numerical studies that the uneven distribution of surfactants along the drop surface generated tangential stresses which helped the daughter drops to reduce in size and could prevent partial coalescence.
All stages of the coalescence phenomenon are influenced by the uneven distribution of surfactants on the interface. However, it is still challenging to directly measure the surfactant concentration along the evolving drop surface. In most of the existing studies, the distribution of the surfactants has been estimated indirectly. According to the SzyszkowskiLangmuir equation as shown in Eq. (1), the surfactant concentration at the interface can be estimated if the data of the interfacial tension is acquired, 23, 40, 41 
where σ 0 is the interfacial tension for the system without surfactant, R is the universal gas constant, T is the temperature, Γ ∞ is the surfactant concentration at the saturated interface, ϕ is the surfactant concentration in the bulk liquids, and K L is the equilibrium constant, which indicates the ratio of the rates of surfactant adsorption and desorption. Once the equilibrium interfacial tensions under various surfactant concentrations in the bulk are known, the values of Γ ∞ and K L can be calculated by fitting the data. Then the surface excess related to each bulk concentration can be calculated through the Langmuir isotherm,
The model can estimate the surface excess of the surfactant but cannot indicate the local distribution of the surfactants along the drop surface. Recently, an advanced technique, Spatiotemporal Filter Velocimetry (SPV), was applied by Hosokawa et al. 42 to measure the local Marangoni stresses on the drop surface, based on the velocity gradients at the vicinity of the surface. The local surfactant concentration [43] [44] [45] [46] This technique has so far only been used to investigate the spreading of surfactants along a liquid/air surface.
The review above reveals that there is limited work on the dynamics of coalescence of a drop with another homophase (drop or bulk liquid) in the presence of surfactants. The available experimental studies mainly focus on the evolution of the interfaces but do not consider the surfactant distribution which is very challenging to obtain experimentally. On the other hand, the limited numerical studies available on the surfactant distribution have not been validated experimentally. From these studies, a number of hypotheses have been proposed such as (1) surfactants can accumulate at the film barrier ring area during drop rest; 19, 20, 23 (2) the surfactant concentration at the meniscus tip is higher than that of the rest of the film during the retraction; 31,32 (3) the distribution of surfactants along the drop surface as the drop merges with the homophase is uneven. 32 The aim of this paper is to experimentally address questions related to the spatial distribution of surfactants at the interfaces during coalescence. A novel experimental technique, high speed planar laser induced fluorescence, combined with a fluorescent surfactant is used to study the coalescence of a drop with a liquid-liquid interface. Varying initial surfactant concentrations at the interfaces were achieved by allowing the drop and the flat interface to stand for different times before the coalescence experiments. The distribution of surfactants was studied during the three stages of coalescence, namely, film thinning, meniscus rupture, and final drop merging with the homophase.
II. EXPERIMENTAL SETUP AND METHODOLOGY

A. Experimental apparatus and materials
The schematic of the Planar Laser Induced Fluorescent (PLIF) experimental setup is shown in Fig. 1 . The system consists of a rectangular vessel made from acrylic with 5 cm × 5 cm bottom width and 15 cm height. The aqueous phase was placed at the bottom, and the organic phase was added on the top forming an interface in the middle of the vessel. A drop of the same liquid as the aqueous phase was created within the organic phase through a flat-ended nozzle (inner diameter ID = 2 mm) at around 1 cm above the interface to avoid any oscillations as the drop falls towards the interface. The other side of the nozzle was connected to a syringe which was mounted on a programme-controlled Aladdin ® syringe pump. The flow rate was set at 0.2 ml/min for a better control of the drop sizes, which were 5.90 ± 0.14 mm in horizontal diameter for all the experimental conditions. The sizes were measured when the drops rested on the interface.
FIG. 1. Schematic of the PLIF experimental setup.
The organic phase was a 5 cSt silicone oil (density ρ s = 914 kg/m 3 , viscosity µ s = 4.57 mPa s), and the aqueous phase was a water-glycerol mixture for all the tests. The volume concentration of the glycerol in the aqueous phase was set at 46% to match the refractive index of the oil (r = 1.3925 at 25 • C) and avoid any light distortions at the interface when the laser illumination was used. The refractive index was measured by using an Abbe5 ® refractometer. The density and viscosity of the 46% glycerol solution were ρ d = 1150 kg/m 3 and µ d = 4.35 mPa s, respectively.
For the experiments, a fluorescently tagged surfactant NBD-PC (1-palmitoyl-2-12-[(7-nitro-2-1,3-benzoxadiazol-4-yl) amino] lauroyl-sn-glycero-3-phosphocholine) with molecular weight equal to M = 856.038 g/mol was dissolved in the aqueous phase. The surfactant absorbs at 464 nm and emits at 531 nm. Ultrasound was used to ensure homogeneous mixing of the surfactant in the aqueous phase. The dynamic interfacial tensions of the interfaces at the equilibrium level between the 5 cSt silicone oil and the aqueous solutions with various concentrations of NBD-PC were measured with the Du Noüy ring method (Kruss ® surface tension meter). The interfacial tensions under the same surfactant concentration were reproducible with a relative standard deviation less than 5%. The equilibrium interfacial tension is presented in Fig. 2 for different surfactant concentrations in the aqueous phase. As can be seen, NBD-PC is able to lower the interfacial tension by around 0.020 N/m from ϕ = 0 mol/m 3 to the critical micelle concentration, which is reached at a surfactant concentration ϕ ≈ 0.013 mol/m. 3 For the coalescence experiments, the concentration of the surfactant in the aqueous solution was set at 0.001 mol/m, 3 which is significantly lower than the critical micelle concentration. This concentration was selected because it lowers sufficiently the interfacial tension, has adequate fluorescence for the PLIF experiments, while it prevents the formation of surfactant micelles in the aqueous phase that can interfere with the PLIF experiments.
In the coalescence experiments, the distribution of the surfactants for the processes from the drop resting on the interface, the film thinning and rupture, and the merging of the drop with the bulk homophase were investigated with high-speed planar laser induced fluorescence technology. As shown in Fig. 1 , the centre plane of the drop was illuminated by a laser sheet. The light was generated by using a Laserglow5 ® continuous laser (473 nm, 300 mW), which was connected to a spherical and a cylindrical lens in series to create a 1 mm laser sheet. The laser along with the optical lenses was mounted on a mobile stage and adjusted to bisect the centre plane of the drop. In all experiments, the output power of the laser was kept constant to prevent any energy deviations. For better visualization and consistent comparisons, only the coalescence events where the rupture points are on the laser plane were considered. A Phantom high speed camera, equipped with a mono-zoom Nikon lens, which gave a spatial resolution of 13 µm/pixel, was placed perpendicular to the laser sheet to capture the process of coalescence. A green filter was connected to the lens to eliminate reflections. To capture the very fast film rupture and the liquid merging steps, the camera was operated at a high frame rate of 2000 fps. The whole setup was mounted on an optical table, and the relative spatial locations among the high-speed camera, the continuous laser, and the coalescence vessel were fixed to avoid any mismatch between runs. During each experiment, the temperature was kept constant in the lab. As the drops were generated in the organic phase and the whole coalescence process occurred within the liquid system, the effect of the environmental humidity was considered negligible.
B. Experimental methods
As pointed out by Eastoe and Dalton, 47 the adsorption of the surfactant molecules from the bulk liquids to the interface is a dynamic and slow process. For the surfactant used in this work, it takes hours for the interfacial tension to reach the final equilibrium value. To account for this, the coalescence experiments were carried out for different ages of the drop surface and the interface. Here, the drop surface (or the interface) age T refers to the time from when the drop contacts the surrounding organic phase (or the organic phase contacts the bulk aqueous phase) to the time when the coalescence experiment starts. Drop surface ages from T = 0 min to T = 900 min were studied. In the fresh system (T = 0 min), the interface was generated by adding the liquids in the vessel, while the drop was formed in the oil and immediately after it was deposited on the interface. For the experiments carried out at different ages, the drop was generated within and was kept attached to the nozzle for the required age T, before it was released to approach the interface to start the coalescence process. The initial sizes of the pending drops for all the tests were kept constant by the syringe pump. Since the drop surface age and the interface age are equal in the experiments, the surface age T will be used in the rest of the paper to represent the ages of the two. Typical fluorescent images of drops resting on the interface for various drop surface ages are shown in Fig. 3 . As can be seen, for T = 0 min, the drop surface has similar brightness as the rest of the liquid inside the drop. The part at the bottom of the drop appears brighter because it is the location where both interfaces, the drop and the liquid-liquid one, meet. At longer ages, the brightness of the drop surface is higher than inside the drop, which indicates that the surfactant is adsorbing to the drop surface. 
C. Fluorescent imaging and calibration
In the PLIF measurements, the concentration of the surfactants is estimated by detecting the fluorescence intensity in the recorded images. To generate the calibration curve, various concentrations of NBD-PC from 0 to 0.0078 mol/m 3 were dissolved in the bulk 46% glycerol solution and the corresponding intensity was measured. For each concentration, more than 200 images were captured to produce the average fluorescent intensity. To avoid the effect of the adsorption of surfactants on the surface on the calibration results, the bulk liquid at each concentration was mixed well and measurements were taken immediately after. To account for any changes in the fluorescence intensity because of the chemical stability of the surfactant, the calibration was repeated three times with a 24 h difference between each test. Between experiments, the liquids were stored in a dark environment to prevent photo-dissociation.
The fluorescence intensity as a function of the surfactant concentration is shown in Fig. 4 . As can be seen, the fluorescence intensity increases exponentially with the surfactant concentration in the range of the measurements. By fitting the data, the following correlation was found that links the fluorescence intensity, I, to the corresponding surfactant concentration:
From the volume concentration ϕ, the surface concentration, Γ, was calculated, which is generally used to describe the surface excess of surfactants. 20, 22, 43, 44 For an interface with given thickness, the surface excess can be obtained by integrating the volume concentration ϕ along the surface thickness h, which could be regarded as constant. The theoretical surface excess of the NBD-PC on the interface between the 5 cSt silicone oil and the 46% glycerol solution was also calculated to validate the calibration results. According to the Langmuir isotherm [Eq. (2)], the surface excess of the surfactant on an interface can be calculated if the two parameters Γ ∞ and K L are known. By fitting the measured interfacial tension points at various surfactant concentrations (dashed line shown in Fig. 2) , it was found that Γ ∞ = 1.67 × 10 −6 mol/m 2 and K L = 15 249 m 3 /mol. When these values are substituted into Eq. (2), the surface excess corresponding to the bulk surfactant concentration can be calculated, as shown in Fig. 2 by the continuous (red) line. For the applied surfactant NBD-PC, the surface excess at the flat liquid/liquid interface is in the order of Γ = 0-1.67 × 10 −6 mol/m 2 depending on the age of the interface. The surface concentration Γ obtained through the calibration curve, from Eq. (3), using the average intensity at the interface was in reasonable agreement with the values estimated from the Langmuir adsorption model. However, deviations could not be avoided as the calibration was not directly based on the intensity from the interface. As reported by Fallest et al., 43 a similar fluorescent surfactant, NBD-PC, was employed on a thin liquid layer, and the concentrations measured at the interface were found to be linear with the intensity of the emitted light. Therefore, for the rest of this study, a linear relationship is assumed between the surface concentration and the fluorescent intensities emitted at the interface. The surface concentration Γ was normalized with the maximum surfactant concentration at the drop surface at T = 900 min, i.e., Γ * = Γ/Γ 900 max . The normalized surfactant concentration Γ * along the drop surface was extracted for different surface ages T. As shown in Fig. 5 , with the drop surface aging, the surfactant concentration Γ * was increased. 
D. Image processing and challenges
In this section, a detailed analysis of the image processing methodology and the challenges encountered will be outlined. First, it is necessary to properly detect the interface region for the subsequent calculations of the surfactant concentration. This is shown below for the interface at the bottom of the drop as a representative example. Initially the intensities along vertical lines in the image [e.g., L1, L2, and L3 in Fig. 6(a) ] are plotted, as shown in Fig. 6(b) . When the interface region is crossed, the intensity increases sharply. The location of the peak point was then defined as a y value. Intensities were recorded every 5 vertical columns, and the data were smoothed by cubic smoothing spline functions to produce a continuous curve.
The thickness of the interface was then calculated by measuring the bandwidth of the sharp increase in the intensity curve, as shown in Fig. 6(b) , between the dashed lines. This interface thickness was thin (0.026 mm) for the drop surface at T = 0 min, while it was able to reach around 0.1 mm for T = 900 min. The variation was about 0.06 ± 0.035 mm for all the tests.
However, it should be noted that the thickness of the interface shown in the images can be much larger than the thickness of the real interface 48 because of the curvature of the drop surface and the light diffraction. The effect of the curvature of the drop surface can be eliminated by generating drops with a diameter much larger than the laser sheet thickness. In this work, the thickness of the laser sheet was 1 mm and the monozoom Nikon lens connected to the camera gave a depth of field (DOF) approximately equal to 0.5 mm. The effect of the curvature of the drop surface could become significant when the drop diameter was close to 1 mm. In the current study, the drops were about 6 mm in diameter.
Light diffraction can also affect the calculation of the interface thickness. To estimate this, the averaged surfactant concentrations were calculated from two different approaches. The first approach was to calculate the average surfactant concentration Γ 1 considering the maximum value and the values at 2 neighbouring points, while the second approach was to average the surfactant concentration Γ 2 among all the values in the interfacial region [within the dashed lines in Fig. 6(b) ]. It was found that for the drop surface, the averaged surfactant concentration Γ 1 = (1.1 ± 0.04)Γ 2 depending on the interface aging time. For the interface region that combines the drop surface and the phase interface, Γ 1 = (1.2 ± 0.052)Γ 2 . It appears that the interfacial thickness does not significantly affect the results. The first approach was used below to calculate the surfactant concentration at the interface at different aging times.
III. RESULTS AND DISCUSSION
A. Drop rest phenomenon
Previous studies have shown that Marangoni stresses resulting from the uneven distribution of the surfactants along the interface largely affect the film drainage process. 20, 22, 49 However, this phenomenon has not been observed experimentally previously. In this section, the surfactant concentration Γ * along the interface where the drop surface contacts the liquid-liquid interface is investigated for various surface ages T. 
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For consistency, all measurements were taken at the last time step just before the onset of the film rupture. When the surface is aged to T > 60 min, the drop rest times are long and in some cases can exceed the sampling time of the high-speed camera. Therefore, the results shown for large T are from single representative tests since it was difficult to capture and repeat exactly the coalescence events. As the thickness of the trapped film between the drop and the bulk liquid is less than a micrometer at the final moments just before film rupture, 50, 51 it is not possible to distinguish the drop surface from the phase interface. Thus the combined surfactant concentrations from both the drop surface and the interface were evaluated and plotted.
For the fresh system at T = 0 min, the surfactants have little time to adsorb to the interface, and the surface concentration along the interface is much lower than the saturated concentration, as shown in Fig. 7 . During the draining process, the surfactants at the interface are driven outwards by the film liquid. As a result, the surface concentration Γ * is low at the centre and gradually increases towards the outside until a maximum value is reached at around 0.7-0.75R h , where R h refers to the horizontal drop radius. The area with the highest surfactant concentration is generally considered to be at the barrier ring, where the film is at its thinnest. 12,20,22,23,52 Hodgson and Woods 13 reported that the barrier ring diameter is expanding during the drainage process. In the current experiments where both the drop and the interface are deformable, the radius of the barrier ring, R b , just before rupture can be estimated from the work of Princen, 53
According to Eq. (4), the radius of the barrier ring for a 5.9 mm drop is around 0.68R h . From Fig. 7 , the radius of the circumference where surfactants accumulate is around 0.7R h . Thus the radius of the location of the maximum surfactant concentration is found to be close to the barrier ring.
As the surface age T increases, there is more time for the surfactant to adsorb to the interface. The film drainage time also increases after the drop contacts the interface, 23 and more time is allowed for the fluid in the film to sweep the surfactant molecules toward the barrier ring area. The related maximum surfactant concentration resulting from the accumulation can reach to around 1 Γ 900 max − 1.2 Γ 900 max for T > 120 min, which is much larger than that of the centre area. The increase in the surfactant concentration from the centre toward the barrier area is in good agreement with the theoretical estimations by Burrill and Woods. 54 Interestingly, the maximum surfactant concentration stays at about 1 Γ 900 max − 1.2 Γ 900 max and does not increase with the surface age. This is attributed to Marangoni flows. As more surfactants are concentrated on the interface, more molecules are swept outwards during the film drainage; the increased surfactant concentration gradient along the interface can create significant Marangoni surface flows that resist further outward movement of the surfactants. A dynamic balance between the film flow and the Marangoni backflow is established that keeps the surfactant distribution constant.
The distribution of the surfactants is relatively symmetrical on both sides of the interface for T = 0 min, as shown in Fig. 7 . However, at larger surface ages, the distribution is not symmetrical anymore. The asymmetry is reflected in both the concentration of the surfactant along the interface and the location of the area with the highest concentration. For T = 120 min and 240 min, a distinct peak of the surfactant concentration is observed at 0.75R h away from the centre on the right, while the interface on the left has a lower surfactant concentration. For T = 420 min, the opposite is observed. For T = 180 min, the peak value of the surfactant concentration is closer to the centre on the right than on the left side. The non-symmetrical distribution of surfactants along the contact interface is mainly attributed to the variations from the irregular draining of the thin film. As discussed by Chan, Klaseboer, and Manica, 55 the film thinning is affected by a number of factors including the initial separation between the drop and the interface, the approaching manner of the drop, the film viscosity, the interface mobility, and the surface tension. Different types of thinning behaviour were observed accordingly, 13, 54, 56 including symmetrical draining, left side faster draining, and right side faster draining.
At the early stages of coalescence just after the drop has contacted the interface, a dimple appears in the film, which drains out subsequently to bring the drop surface close to the interface leading finally to rupture. 55, [57] [58] [59] The structures of the thin film at the initial stages of the drop rest for different surface ages are shown in Fig. 8 . 
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scitation.org/journal/phf system of T = 0 min, the thickness of the thin film is small and the dimple structure is not obvious. For some cases at T = 240 min and T = 900 min, a dimple-shaped film with a thinner part at the barrier ring and a thicker part at the centre is observed. As was mentioned before, non-symmetrical dimpled films can appear as well, as shown in Fig. 8(c) for T = 800 min. As more surfactants are accumulated at the circumference at long surface age T, it has been suggested that the dimple is created by the strong Marangoni backflow which suppresses the outward lubrication flow. [15] [16] [17] 20 Ghosh and Juvekar, 22 however, considered that the Marangoni flow decreases only the mobility of the drop surface and is too weak to resist the lubrication flow that drains the film. This explanation seems to agree better with the experimental results here which showed that the film drainage was still fast even for T = 800 min when a significant surfactant concentration gradient along the interface exists.
The film drainage patterns seem to affect the distribution of the surfactants shown in Fig. 7 . For T = 0 min, where the film drains symmetrically, the distribution of surfactants is also symmetrical. As the trapped film and the dimple structure become thicker at large age drop surfaces, the liquid drainage time is increased and loses its symmetry [ Figs. 8(b)-8(d) ]. This will affect the distribution of the surfactants as well and may give rise to instabilities. As a result, it is more likely to observe the non-symmetrical distribution of surfactants for longer age drops.
B. Neck-growth
When the film rupture occurs, the meniscus (or neck) which links the drop and the bulk phase grows rapidly. It should be noted that in all cases reported here, the rupture points occurred in the laser plane. It was observed from the images that the drop surface folded up if the rupture points occurred out of the view plane. As it was found in previous studies, the rupture locations could be affected by the surfactant concentration. 37, 39 When the surfactant concentration in the bulk is increased close to the critical micelle concentration, the interface can be largely deformed and the rupture points are shifted further away from the centre point. However, as the surfactant concentration in the bulk used here was 0.001 mol/m 3 , which was far less than the critical micelle concentration, the location of the rupture points was not significantly affected. Also the aging times had negligible effect on the location of the rupture point in this study. Numerically it has been found that the meniscus at the initial stages of retraction has a bulge structure. 27, 60 As the tip is accelerated by the huge local curvature of the meniscus, its velocity is much higher than that of the liquid in the film which is gradually collected in the growing toroidal body. The findings have been confirmed by many experimental observations in the absence of surfactants. [61] [62] [63] The local structure of the meniscus tip and the surfactant concentration in this region are shown in Fig. 9 for different surface ages. The coalescence time t in the figure refers to the time after the rupture of the thin film. Due to the instability of the expanding rim, a series of tendrils are created and detached from the rim to form tiny drops, 62 shown as bright spots in the images. The bright bulge at the edges of the meniscus cannot be seen for all the surface ages in the viscous regime from t = 1 ms to t = 2 ms because of two main reasons. First, the radius of the initial bulge r b is theoretically in the order of r 3/2 m , where r m is the radius of the neck. 27 At the viscous regime, the neck radius r m is very small, and the related bulge cannot be seen accordingly. Second, the interfacial tension is largely reduced when surfactants are present and the meniscus retracts at a lower speed than in the surfactant-free system. When the neck growth advances in the inertial regime from t = 4 ms to t = 9 ms, the bulge size increases in varying degrees for different surface age T. For T = 0 min, the bulge is small, while it becomes larger when the drop surface has aged to T = 240 min and 300 min, as shown in Fig. 9 . For an aged surface with large T, dimple structures form at the film; a large amount of the fluids is collected there which increases the size of the bulge as the meniscus advances through this thick part of the film.
The distribution of the surfactant concentration along the interface for the surface age of T = 0 min is shown in Fig. 10 as a representative example. Only the left tip which travels over a longer distance is plotted. When the film rupture happens, the rapid retraction of the tip reduces the interfacial area. In addition, there is not enough time for the surfactants to diffuse or desorb from the interface. Thus the surfactants are accumulated at the tip and increase the local concentration.
To quantitatively investigate the accumulation of the surfactants at the neck tip, the space averaged surfactant concentration Γ * tip at the tip area is calculated according to Eq. (5),
The area of the tip A tip is found from subtraction of two consecutive images. For consistency, only the side of the neck that travels longer is considered for all the cases. The evolution of the surfactant concentration at the tip area is plotted in Fig. 11 for different surfactant ages. The data are averaged over 5 tests for surface ages T = 0 min and 60 min, while for T = 240 min and 420 min, only representative data are plotted from one test. The accuracy in determining the onset of the rupture is 0.5 ms for all the tests as the frame rate of the high-speed camera is 2000 fps.
For T = 0 min, the increase in the tip concentration is small compared to the other three cases, which is mainly due to the few surfactant molecules present at the interface. As Fig. 7 shows, the initial surfactant concentration at the phase interface is much lower for T = 0 min than for the other cases. The retraction of the tip in this case does not accumulate enough surfactant molecules. In addition, the neck tip moves faster for T = 0 min than for the other ages (see Fig. 12 the tip concentration can be seen as more surfactants are initially packed on the interface. For drop ages above 60 min, the increase in the tip concentration is not as high as would be expected and remains similar to that for T = 60 min. This is mainly attributed to a similar surfactant distribution along the interface for larger surface ages during the drop rest before the film rupture (see Fig. 7 ). In addition, as is shown in Fig. 12 , the travel speeds of the tips for surface ages above 60 min are close. As a result, the changes in the tip concentration for cases above 60 min do not vary a lot.
A different behaviour is observed for T = 240 min where the surfactant concentration becomes very high in the initial stages of the neck growth. This could be attributed to the initial uneven distribution of the surfactants along the interface before the rupture of the thin film. For T = 240 min, a large amount of surfactants is swept to the circumference to produce a high surfactant concentration on the right side, as shown in Fig. 7 . When rupture occurs, a large amount of surfactant molecules has already been packed at the tip which gives the high tip concentration at the initial stages.
C. Distribution of surfactants along the drop surface
When surfactants are present, the reduction in the drop surface as it merges with the continuous bulk phase at the
FIG. 12.
Travel distance of the neck tip versus coalescence time for various drop surface ages. The travel length is defined as the distance of the tip away from its original location.
final stages of coalescence becomes slow and partial coalescence can be prevented. 37, 39 This is attributed to the uneven distribution of surfactants on the drop surface. 32 The surfactant concentration along the coalescing surfaces is discussed in this section.
The concentration of surfactants along the surface of a coalescing drop for T = 720 min is shown in Fig. 13 as a representative example. The initial neck growth process was discussed in Sec. III B, and the results are shown here for the later stages of the drop merging with the bulk liquid. Previous studies have shown that a liquid cylinder forms in the later stages of coalescence. 38, [64] [65] [66] From t = 20 ms to t = 36 ms, the top of the drop surface is stretched upwards by the convergence of the capillary waves initially formed after the meniscus rupture. 32, 64, 65, 67 The surfactant concentration at the sides of the drop is higher compared to the top of the drop. The interface with the lower surfactant concentration on the top of the drop tends to pull the interface with the higher concentration at the bottom due to tangential Marangoni stresses. [33] [34] [35] [36] On the other hand, the area at the phase interface away from the neck also has a low surfactant concentration and the resulting Marangoni stress drives the spreading of the surfactant along the phase interface away from the drop. At t = 39.5 ms when the liquid cylinder is created, the area with a high surfactant concentration is close to the summit of the drop. The distribution of surfactants agrees with the numerical findings by Martin and Blanchette. 32 Afterwards, the drop surface shrinks significantly until the liquid cylinder is about to pinch off at t = 45.5 ms. The average surfactant concentration in the drop increases because of the reduction in the area, especially at the top. As the Marangoni forces resist the convergence of the neck, 32,39 partial coalescence does not occur in this case.
To study the effect of surface age on the distribution of surfactants during the merging process, the surfactant concentration along the evolving surfaces was calculated at different T, as shown in Fig. 14 the boundary between the bright drop that has surfactant and the dark area in the surrounding liquid. As shown in the inset in Fig. 14(b) , the surfactant concentration Γ * along the arc was extracted following the method shown in Fig. 6 . The arc length L, which was normalized by the horizontal diameter of the drop D h , started at the drop summit O and terminated at the phase interface. The open points in the figure refer to the location of the neck edge. The locations with the highest surfactant concentration are denoted with the filled (red) points.
For T = 0 min, the peak of the surfactant concentration at t = 6.5 ms from the film rupture is observed at the bottom near the neck (corresponding arc length L = 0.95D h ), while the surfactant concentration is very low at the drop surface above the neck. This forms a boundary between the drop surface and the phase interphase, as plotted by the dashed line in Fig. 14(a) . During the drop merging, the boundary may shift and not be so clear anymore; for this reason, only the boundary at the initial stage is plotted here to help visualization. From t = 20.0 ms to t = 32.0 ms, the drop surface is largely shrinking except from the top area which is being stretched by the capillary waves to create the liquid cylinder [ Fig. 14(b) ]. Over this process, the surfactant concentration at the drop sides above the neck is increased. After t = 32.0 ms, the top area of the drop stops expanding and starts to contract. Thus the surface concentration Γ * at the top with L < 0.2D h increases between t = 32.0 ms and t = 36.5 ms. 
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The peak value of Γ * does not change too much at the bottom of the drop for L > 0.7D h . At the early stages of coalescence, the peak concentration value slightly reduces from t = 6.5 ms to t = 25.0 ms but increases afterwards between t = 25.0 ms and t = 36.5 ms. This behaviour was shown as well by Martin and Blanchette 32 through simulation. The local variation of the surfactant concentration over the drop surface is controlled by two factors, the changes in the local surface area and the Marangoni forces along the drop surface. The Marangoni stresses tend to smooth out the uneven distribution of surfactant molecules along the interface, which is reflected in the decrease in the concentration peak from t = 6.5 ms to t = 25.0 ms. The contraction of the local surface area where the peak is located, on the other hand, may increase the concentration, which is seen from t = 25.0 ms to t = 36.5 ms. The concentration peak is located initially close to the neck edge (t = 6.5 ms) and then shifts away toward the phase interface, as shown in Fig. 14(b) . As the global surfactant concentration gradually increases along the drop surface due to the surface contraction at L < 0.7D h , the corresponding surface tension is lower than that of the phase interface on the right side of the peak. The resulting Marangoni stress between the peak and the drop surface is, therefore, weaker than that between the peak and the phase interface on the right side. In addition, the propagation of the waves that was initially created by the receding neck tends to shift the peak location outwards along the interface. 43, 45 Therefore, the peak location gradually shifts away from the neck edge.
As the surface tension decreases when the drop surface is aged to T = 60 min, the evolution of the drop surface during coalescence is slower than at T = 0 min, as shown in Fig. 14(d) . In addition, the increase in the surfactant concentration on the drop surface, resulting from the surface contraction, is significant. This large increase in the concentration decreases the Marangoni forces acting on the left side of the peak concentration (filled red dot) and increases the importance of the Marangoni forces between the peak location and the phase interface on the right. As a result, the concentration peak is slightly smoothened out forming plateaus towards the phase interface between t = 10.0 ms and t = 40.0 ms. Similar to T = 0 min, the location of the peak is on the phase interface and shifts away from the neck from t = 10.0 ms to t = 22.5 ms. However, from t = 34.5 ms, the concentration increases significantly at the drop and the peak is now found close to the neck again. At T = 720 min, the surfactant concentration on the drop surface is high. Thus, the increase in surfactant concentration caused by the drop contraction is larger at L < 0.7D h compared to both T = 0 min and T = 60 min. The peak location appears directly at the drop surface and on the left of the neck edge, in contrast to T = 0 min and T = 60 min where the concentration peaks appeared at the phase interface.
IV. CONCLUSIONS
In this paper, a high-speed PLIF technique is developed to investigate the surfactant concentration along the interfaces during the coalescence of aqueous drops with initially flat aqueous/organic interfaces. During the drop rest on the interface, the surfactants are found to accumulate at a barrier ring and increase locally the concentration in the film. These findings for the first time verify previous theoretical predictions. 20, 22, 54 The surfactant concentration at the ring increases as the interface age increases (higher initial surfactant concentration at the interfaces).
During the neck expansion after the rupture of the film, a bulge forms at the tip of the neck where the surfactant concentration is high compared to the rest of the area of the film. This confirms previous numerical findings and assumptions. 31, 32 The surfactant concentration at the tip area is not constant but increases during the neck growth, which is more significant when the initial surfactant concentration at the interface is higher.
After the film has retracted, a peak in the surfactant concentration is observed at the meniscus at the bottom of the drop; the peak is smoothened by the action of Marangoni forces along the interface. In these final stages of coalescence, a liquid cylinder is formed as the drop surface is stretched upwards by capillary waves. The top of the cylinder has a low surfactant concentration. Gradually the concentration in the cylinder is increased as the cylinder shrinks from the combined action of the reduction in the interfacial area and upward Marangoni forces.
As the drop properties such as size, density, and the viscosity would change the coalescence regime 38, 39 and influence the distribution of surfactants at the interfaces, future studies will investigate coalescence in different coalescence regimes.
